We report diffusion induced germanium nanowires growth and its dependence on Ge evaporation flux. Wires show a growth rate (dL/dt) in agreement to the previously reported models, but detection of anomalies in grown wires, may indicate the prevalence of the direct Ge impinging effect in large diameter wires. Additionally, we demonstrate that change in deposition flux could directly affect the diffusion length of the Ge adatoms on the wires sidewalls. This turns to modify the geometry of the grown wire by introducing a lateral growth starting from the base of the wire. A detailed understanding of the deposition flux effect on the growth and geometry of wire will result in an improved knowledge of physical properties of wires.
Introduction
Germanium nanowires (NW) with their enhanced mobility have possibility to improve the electrical and optical properties of many devices and be used in photovoltaics 1, 2 , electronics [3] [4] [5] and sensors 6, 7 applications. Out of different methods available to grow semiconducting nanowires, vapor liquid solid (VLS), described by Wagner and Ellis, is the mechanism well studied 8 which can result in a flexible and controllable one-dimensional NWs growth with a diameter similar to that of metal particle. There are several models available for the VLS mechanism via MBE, which suggest a diffusion induced (DI) growth. They consider that in MBE, the metal droplet does not act as a catalyst but as a seed for diffused adatoms reaching the droplet from the substrate as well as from direct impinging to the wires sidewall [9] [10] [11] . These models defines the growth rate of wire in direct dependence to the adatom diffusion length 12 and a V dependence as V −θ with θ = 0.5, V being the deposition flux 10 . Moreover, wires orientation is suggested to be radius dependent in VLS growth as well 13 , while recent works show that other factors also influence the growth regime 14, 15 . In recent years, several studies are carried out on chemical deposition of the semiconductor nanowires, in particular silicon [16] [17] [18] . However, there are few experimental investigations available on growth mechanism and geometrical frustrations of germanium NWs grown by MBE, that takes into account the DI-VLS mechanism. Furthermore the effect of the deposition flux (and the diffusion length) of the evaporated material on geometrical properties of the grown wires is not clearly understood yet. A detailed knowledge of the deposition flux effect on the growth mode and geometry of wire can lead to a better understanding of the growth process, resulting in a more controlled fabrication of the wires. Here we report the structural and geometrical properties of the germanium nanowires grown at dif- ferent deposition flux conditions using high-resolution electron microscopy. We also demonstrate not only a change in the vertical growth rate (dL/dt) but also a strong geometrical frustration due to the adatom diffusion. These frustrations can change the shape of the wire, resulting in an irregular geometry.
Experiment
Samples have been grown in a MBE chamber with base pressure of 3 × 10 −11 Torr, by using Knudsen cells. Ge(111) wafers have been ultrasonically cleaned in methanol and trichloroethylene, followed by removal of the native oxide using sulfuric acid and dipped in H 2 O 2 : NH 3 OH : H 2 O for re-oxidation. Previous to the Au deposition, wafer has been annealed at 400 • C for 30 minutes to remove the overgrown oxide. Then, in vacuum samples have been moved to the Au deposition and a thin Au layer (0.3 nm) was thermally evaporated at room temperature. Samples were returned to the MBE chamber immediately and annealed at 600 • C for 15 minutes in order to achieve nano-droplets and then cooled down rapidly to 430 • C for Ge nanowires growth. All the samples have been prepared in a way to have the same equivalent thickness of germanium. Samples have been studied using high-resolution scanning electron microscopy (HRSEM), scanning transmission electron microscopy (STEM) and highresolution transmission electron microscopy (HRTEM).
Results and discussion
Nanowires grown at V = 0.02 nm/s of germanium deposition flux are shown in figure 1 . High resolution electron microscopy (HRSEM) images evidence tilted wires with three different directions making an angle of 120 • with each other and 54.7 • with the substrate, also reported previously 19 . Highresolution transmission electron microscopy (HRTEM), also reveals that NWs are single crystalline, defect free and dominantly in 110 and 211 orientation ( Figure 2 ) as reported for Ge NWs 20 . Au droplets are always on a tilted facet at the tip, from {100} to {111}, due to the tendency to decrease the interface free energy σ i according to Neumann triangle rela-
Moreover, wires show irregular cross sections close to a rhombohedral 23 one, in contrast to the data reported for Ge NWs grown by chemical vapor deposition 19, 24 . It may be considered as an asymmetric two faceted cross section mode, extended by Au droplet oscillation 22 . In the micrographs taken by STEM (as well as back scattering STEM), we could not detect any Au clusters on surface of wires (Figure 3a) , as expected according to the data reported in literature for silicon 25 . However, the presence of facets suggests the Au diffusion through the wire surface 26 which may indicate that clusters were not detected due to sensitivity limit of the technique. Additionally, the change in diameter of few NWs (Figure 3b ), indicates the ripening during the growth 27 . NWs show a smooth surface structure without high frequency sawtooth faceting, also detected in silicon 28, 29 . Howbeit, there are steps mostly in large diameter NWs ( Figure  3 , main panel), along the length of wire, which can be considered as sawtooth faceting with very low frequency. This effect can be due to change in the droplet contact angle (discussed above) related to the wire diameter by 30 σ i D Λ in which Λ is the wavelength of the steps and D is the diameter of the wire. The wavelength tends to increase as D decreases confirming a lowering of σ i . The ratio of the length, L, to the radius, r w , of the wires grown by flux of V = 0.02 nm/s is plotted in figure 4a which, reveals a behavior in agreement to the DI model described by 12
For L >> L f , in which R is the flux on the sidewall of the wire, Ω is the atomic volume of the deposited material and L f is the diffusion length. However, fitting the data of the length vs radius of the wires grown at V = 0.02 nm/s gives a value of L f = 100 ± 10 nm. This value is lower than the experimental one of L f = 126 nm, reported before using deposition flux of 0.013 nm/s at 430 • C with other similar deposition parameters 20 . This difference in L f values, may indicate a dependence of the diffusion length of adatoms on deposition flux, as will be discussed in detail below. Albeit, it is worth mentioning that we detected anomalies of a density of ∼ 5% in grown wires, which are neglected in the graph, such as the one shown in the figure 4b. These includes NWs having high lengths and large diameters. This morphology can be due to either modified diffusion of Ge adatoms caused by terraced structures on the surface or the Gibbs-Thompson effect 31 which causes the prevalence of direct impinging of the Ge adatoms on the sidewall of large diameter wires. In fact, in wires longer than the surface diffusion length of the adatoms, the Ge diffusion from the sidewalls can become strongly dependent on the wires perimeter. Hence, the wires with larger diameter can receive more adatoms from the sidewall and grow faster 32, 33 . This effect is also dependent on the deposition time 34 , which in our case, with a relatively low growth temperature, is long enough to trigger the effect. Considering the calculated diffusion length mentioned pre- the value of θ = 0.3 expected for the surface self diffusion of Ge 36, 37 . However, it is worth mentioning that removing the value, corresponding to NWs with irregular geometry (V = 0.01 nm/s) will increase the θ value to θ = 0.43 ± 0.02, which is in quite reasonable agreement with the expected value θ = 0.5 by the model 38 . The above mentioned results may suggest a limited growth mechanism for NWs with irreg-ular geometry, as will be discussed afterwards. Taking into account the above mentioned dependence of L f on V , a deposition flux of V = 0.02 nm/s (Figure 5b) , imposes an equilibrium between the flux of the Ge adatoms diffused on the substrate and flux of Ge adatoms directly impinged on the sidewall, with their relative diffusion length. Thus, the wire starts to grow vertically with the expected base expansion. For the higher rates, such as V = 0.03 nm/s (Figure 5c ), despite the increase in flux of Ge adatoms arriving to the collecting area, a lateral growth takes place close to the base due to low L f of Ge adatoms arriving to the base. This can cause further expansion of the base and formation of a cone like structure, which was predicted by the model for high fluxes 39 . Additionally wires show lower vertical growth rate, relative to the assigned L f . Further raise of flux to V = 0.05 nm/s, increases the base expansion and reduces the wire length due to the decrease in L f . Besides, the adatoms will be trapped in the non-activated islands (without Au droplet) on the surface, before reaching the wire, and the islands start coalescing together ( Figure 6b ) and finally forming a 2D film. However, Ge NWs resulting from the flux of V = 0.01 nm/s requires a different interpretation since their particular geometry cannot be explained solely by the mechanism, mentioned above. Decrease of the deposition flux to V = 0.01 nm/s (Figure 5a) , revealed a lateral overgrow on the sidewall which is in contrast to the model, proposing less base expansion for lower deposition flux. This morphology, though not clear yet, can be a limited growth mechanism due to a combination of L f increase caused by a reduction of the flux, as well as an increase in the ratio θ l /θ f of the so called activities of adatoms in the droplet, θ l , and on the sidewalls, θ f , proposed by Dubrovskii et al. 34, 38 . Increase in the diffusion length results in a longer wire for lower deposition rate. However, at a given length, the possibility of maximized adatom activity in the droplet compared to the sidewalls may turn θ l /θ f > 1, which will change the sign of the diffusion. This can initiate an additional Ge flux by an alteration in the direction of the diffusion from the droplet to the sidewalls, leading to a radial growth. Having a high adatom flux, can lead to an extensive homogeneous growth along the total length of the wire. Consequently, by increase in the radial growth, the faceting increases and an irregular shape will result 40 . These faceting can be the effect of the periodic oscillation of the droplet angle 30 or Au partially diffused on the sidewalls and formed a thin surface layers during the NW growth proposed by Oehler et al. 40 which in the sensitivity limit of our system could not be detected. Finally, our study has shown a maximum in the spatial density of wires vs evaporation flux at this specific growth temperature, corresponding to the value of V =0.02 nm/s (Figure 6c ). 
Conclusion
Germanium nanowires hae been grown by vapor-liquid-solid (VLS) method using size controlled Au droplets by molecular beam epitaxy (MBE). Nanowires have shown a growth according to the diffusion induced mechanism with irregularities, which can represent the size dependency of the model. Experimental results show also, a dependency of the sidewall adatom diffusion length on evaporation flux. This dependency changes the growth mode and geometry of the wire to an immense range. We have proposed a mechanism, which can explain to some extent the mechanism involved in growth parameter effect. However, further studies are necessary in order to establish a model that explains the radial and vertical growth equilibrium.
